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mononucleate myoblasts followed by
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during muscle regeneration in amputated
newts.
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Summary
Only few examples of transdifferentiation, which denotes
the conversion of one differentiated cell type to another
[1], are known to occur during normal development, and
more often, it is associated with regeneration processes
[2–7]. With respect to muscles, dedifferentiation/redifferen-
tiation processes have been documented during post-trau-
matic muscle regeneration in blastema of newts as well as
during myocardial regeneration [8, 9]. As shown herein,
the ventral longitudinal muscles of the adult Drosophila
heart arise from specific larval alary muscles in a process
that represents the first known example of syncytial muscle
transdifferentiation via dedifferentiation into mononucleate
myoblasts during normal development. We demonstrate
that this unique process depends on the reinitiation of a
transcriptional program previously employed for embry-
onic alary muscle development, in which the factors Org-1
(Drosophila Tbx1) and Tailup (Drosophila Islet1) are key
components. Duringmetamorphosis, the action of these fac-
tors is combined with cell-autonomous inputs from the
ecdysone steroid and theHox geneUltrabithorax, which pro-
vide temporal and spatial specificity to the transdifferentia-
tion events. Following muscle dedifferentiation, inductive
cues, particularly from the remodeling heart tube, are re-
quired for the redifferentiation of myoblasts into ventral lon-
gitudinal muscles. Our results provide new insights into
mechanisms of lineage commitment and cell-fate plasticity
during development.
Results and Discussion
TheDrosophila adult heart forms a functional unit that includes
the cardiomyocyte tube, ventrally juxtaposed longitudinal
muscles (VLMs), and laterally attached suspensory alary mus-
cles (AMs).Whereas the dorsal vessel proper is built by remod-
eling and partial histolysis of larval cardiomyocytes, the adult
AMs originate from larval AMs, of which at least four pairs
remain in the adult [10–12].
Drosophila org-1 is expressed during embryonic develop-
ment in all seven pairs of AMs (among other muscles) and their
progenitors, where it acts as a muscle identity gene [13]. To
determine whether org-1 is also involved in the establishment
of the adult AMs, we probed larvae, pupae, and adults for Org-
1 protein expression as well as for the reporters org-1-HN18-
RFP (org-1-RFP) and org-1-HN39-nGFP (org-1-nGFP), which
recapitulate somaticmuscle expression of org-1 in the embryo
[13, 14]. We detected Org-1 expression and enhancer activity*Correspondence: manfred.frasch@fau.deonly in anterior AMs of wandering third instar larva and in early
pupal stages (Figures 1A and 1A0). During later pupal stages,
Org-1 protein and org-1-nGFP were found in both large and
small nuclei of a distinct cluster of cells that adheres ventrally
to the anterior portion of the heart (Figures 1B and 1B0). In adult
stages, we detected Org-1 not in the AMs, but instead, in
the heart-associated VLMs (Figures 1C and 1D). Like in embry-
onic development, HN18- and HN39-driven reporter expres-
sion recapitulated the Org-1 expression pattern. These results
were unexpected since they suggest a role of Org-1 during
VLM development rather than during adult AM development.
The VLMs are the major constituents of the ‘‘dorsal dia-
phragm’’ described byMiller and others and form a single layer
of about 12 longitudinal, syncytial and striated muscles that
cover the ventral surface of the dorsal vessel [12, 16]. A recent
report ascribed the origin of the VLMs to duf-rP298-lacZ [17]
positive larval lymph gland-like cells [18]. However, this
assignment was in conflict with our observations as we did
not detect Org-1 or reporter activity from HN39 or HN18 in
lymph gland areas (data not shown). At later pupal stages,
we did detect cells with co-expression of duf-rP298-GAL4-
driven UAS-lifeact-GFP and org-1-RFP (Figure 1E), which
correspond to the above-described heart-associated Org-1-
positive cells and eventually give rise to the VLMs (Figure 1F).
To determine the origin of these cells, we followed the fate
of the Org-1-positive AMs over time by ex vivo imaging of
dissected pupae that express either org-1-nGFP (Figures
2A–2D) or org-1-RFP (Figures 2E–2H) as well as by in vivo
time-lapse analysis of pupae carrying both org-1-RFP and
tup-F4-nGFP [19] (Movie S1). At late pupal stage P3, the bilat-
erally symmetric pattern of the three anterior pairs of org-1-
nGFP- and org-1-RFP-positive larval AMs was clearly visible
(Figures 2A and 2E; note that their dorsal branches parallel to
the heart tube are connected). After reaching stage P4, these
three pairs of AMs initiated dedifferentiation, and the muscles
started fragmenting into mononucleated, mesenchymal cells
(termed alary muscle-derived cells [AMDCs]) (Figures 2B and
2F). Of note, tup-F4-nGFP activity, found during embryonic
development in the dorsal muscles and AMs (in addition to
cardiac cells [19]), was also detectable in the AMDCs (Movie
S1). The newly formed AMDCs stayed in close proximity and
contacted each other via cellular projections. Furthermore,
the AMDCs derived from the left and the right anterior AMs
became connected by cellular protrusions that crossed the
heart tube ventrally (Figures 2B and 2F, arrowheads; Movie
S1). During further development, the AMDCs from the left
and right sides migrated medio-laterally and met at the ven-
tral surface of the heart tube (Movie S1). During stage P5,
distinct, bilaterally distributed clusters of GFP-positive nuclei
that included the nuclei of the AMDCs and additional small
nuclei were visible (Figure 2C). Cytoplasmic red fluorescent
protein (RFP) distribution in elongated cells at a similar stage
(Figure 2G) and live imaging along with tup-F4-nGFP with
increased magnification and temporal resolution (Movie S2;
see still images in Figure 2I) show that during this time, the
AMDCs initiated the formation of multinucleated syncytia.
The fusion-competent myoblasts involved in this process
are derived from the dorsal adult muscle precursors (AMPs)
Figure 1. Org-1 Expression during Metamorphosis Reflects the Transformation of Anterior Alary Muscles into the Ventral Longitudinal Heart-Associated
Musculature
(A–C) Dissected pupae and adults carrying org-1-HN39-nGFP (org-1-nGFP) and stained for Org-1 and GFP.
(A and A0) In stage P3 pupae (w4.5 hr after puparium formation [APF]), the first three pairs of alary muscles (AMs) show coexpression of Org-1 (nuclear;
asterisks) and nGFP (nuclear + cytoplasmic).
(B and B0) At stage P5 (w14 hr APF), Org-1 and nGFP are seen in a cluster of nuclei localized at the anterior part of the heart.
(C) The adult heart shows nGFP and Org-1 co-localization in the ventral longitudinal heart-associated musculature (VLM).
(D) HN18 drives reporter expression in the VLM of a fly carrying org-1-HN18-RFP (org-1-RFP). Actin is visualized with phalloidin.
(E and F)duf-rP298-GAL4-drivenUAS-lifeact-GFP (duf>>lifeact-GFP) is detected in org-1-RFP-positive cells in late stage P5 (E) and in the VLMs of P7 pupae
(w45 hr APF; F).
Pupal stages were classified after Bainbridge and Bownes [15]. Scale bars of (A)–(F) represent 100 mm.
489that are also positive for Tup and tup-F4-nGFP [20]. After their
proliferation and dorsal migration, some of these AMP-derived
tup-GFP-positive myoblasts contacted the AMDCs and suc-
cessively fused with them, thereby contributing their smaller
nuclei to the developing syncytia (Movie S2; Figure 2I). The fu-
sogenic activity of the AMDCs and the VLM founder cells
derived from them is also supported by the observation that
AMDCs and VLMs become positive for duf-rP298 activity (Fig-
ures 1E and 1F), an enhancer trap in the myoblast fusion gene
kirre that is active in muscle founder cells during embryonic
and adult myogenesis [17, 21, 22]. Ultimately, these syncytia
give rise to the multinucleated VLM fibers that align in parallel
and extend toward the posterior of the heart tube during the
following pupal stages (Figures 2D and 2H; Movie S1). In
sum, these data imply that the VLMs originate from the AMDCs
that are reprogrammed into VLM founder cells. The number
of mature VLM fibers (approximately 12 [12]) roughly corre-
sponded to the number of large org-1-nGFP-positive nuclei
present at P5 (Figures 1B, 1B0, and 2C), as well as to the num-
ber of AMDCs and the number of nuclei in the first three pairs of
larval AMs (Figure 2A). Together with our observations from
live imaging, this correlation suggests that the AMDCs do not
proliferate before becoming VLM founder cells and initiating
myoblast fusion.
For indisputable evidence that the VLMs originate from cells
descending from embryonic AMs, we performed cell lineage
tracing and ablation experiments. Using org-1-HN39-GAL4
(org-1-GAL4), we induced UAS-G-TRACE [23] for tracing of
the AM lineage. Ablation of embryonic AMs was achieved by
activating UAS-reaper in them [24]. Induction of Gal4 tech-
nique for real-time and clonal expression (G-TRACE) and
apoptosis, respectively, were restricted to embryonic stages
by using the temporal and regional gene expression targeting
(TARGET) system [25].
As predicted by our hypothesis, activation of G-TRACE in
embryonic AMs resulted in the presence of nGFP expressionin all nuclei of the VLMs (Figure 3A) and in the AMs (Figure 3A,
asterisks). Since G-TRACE marks all descendants of the cells
in which it has been activated initially, this clearly identifies the
VLMs as a derivative of the AM lineage. These results are com-
plemented by our ablation analyses, which demonstrate that
destruction of the embryonic AMs leads to the loss of the
VLMs and the AMs in the adult fly (Figure 3B).
Taking these results together, we postulate that the VLMs
originate through a morphogenetic transdifferentiation mech-
anism. The dedifferentiation of theOrg-1-expressing first three
pairs of the larval AMs gives rise to mesenchymal, mononu-
cleate progenitor cells (AMDCs). These are reprogrammed
into the Org-1-positive muscle founder cells of the VLMs and
become positive for duf-rP298. During the subsequent redif-
ferentiation process, the founder cells build the syncytial,
Org-1-positive VLMs upon fusing with fusion-competent myo-
blasts, which are derived from dorsal AMPs and contribute the
small nuclei due to their prior proliferative phase.
To genetically dissect the mechanisms that underlie this
transdifferentiation process, we induced RNAi with org-1-
GAL4 and the respective UAS-dsRNA constructs in the AM
lineage in the presence of the org-1-RFP reporter as marker.
Knockdowns of the gene encoding myocyte enhancer factor
2 [26, 27] with this method resulted in a severe reduction of
VLM formation. No effects were seen in body wall muscles in
which org-1-GAL4 was not active (Figure 3C), which contrasts
with the larval lethal effects caused by body wall muscle de-
fects when Mef2 RNAi was induced in all muscle tissues [28].
This result clearly demonstrates the necessity for this muscle
differentiation factor during the reprogramming process and
also shows the tissue specificity and efficacy of the technique.
Next, we analyzed the role of org-1 during transdifferentia-
tion of the AMs by inducing RNAi against org-1. We observed
that knockdown of org-1 during metamorphosis leads to near
abolishment of proper VLM formation (Figure 3D). Live imaging
revealed that the ability of the AMs to dedifferentiate into
Figure 2. The VLMs Arise from Larval AMs by
Transdifferentiation
(A–H) Ventral heart views of ex vivo imaged pupae
carrying org-1-HN39-nGFP (org-1-nGFP) (A–D)
and carrying org-1-HN18-RFP (org-1-RFP) (E–H).
(A and E) At late stage P3, nGFP and RFP can be
seen in the three anterior syncytial AMs.
(B and F) During P4, the nGFP and org-1-RFP-
positive syncytia of the dedifferentiating AMs fall
apart into single, more rounded cells.
(C and G) At stage P5, bilateral clusters of nGFP-
positive nuclei corresponding to org-1-RFP-posi-
tive cells (many newly syncytial; outlines) are
present at the anterior part of the heart.
(D and H) At stage P7, org-1-nGFP and org-1-RFP
label the differentiating VLM.
(I–I0 0 0) Time series of serial myoblast fusions be-
tween an AMDC-derived VLM founder cell and
three surrounding fusion-competent cells (from
Movie S2). Shown are high-magnification views
of a stage P4–P5 pupa (w9–24 hr APF) with
org-1-HN18-RFP (red; cytoplasm of VLM founder
cell) and tupF4-GFP (green; nuclei of fusion-
competent myoblasts [arrows], VLM founder
[arrow head], and cardioblasts [top]).
Scale bars of (A)–(H) represent 100 mm; scale bars
of (I)–(I0 0 0) represent 25 mm.
490AMDCs was almost completely blocked under these condi-
tions (Movie S3). Upon org-1 knockdown, the anterior, org-1-
RFP-positive AMs remained largely as syncytial fibers, which
flank the aorta and transiently move medially underneath the
ventral side of the heart during its remodeling; consequently,
newly forming syncytia and posteriorly elongating VLMs
were not observed (Movie S3).
We, along with our colleagues, have shown recently that
org-1 and tailup control embryonic AM development and
that Org-1 directly regulates tup expression by binding to a
distinct enhancer element (tup-ADME) [29]. Staining of adult
hearts with antibodies against Tup showed that, in addition
to pericardial cells, the nuclei of the VLMs were positive for
Tup (Figure 3E). Similar to the results with org-1, RNAi knock-
down of tup impeded AM transdifferentiation and blocked
elongation of the few VLM fibers formed (Figure 3F). To probe
for a potential regulatory interaction between Org-1 and tup
during metamorphosis, we stained for tup-ADME-GFP. We
found that, apart from cardiomyocytes, tup-ADME-GFP activ-
ity was present in the VLMs (Figure 3G). When the ability of
tup-ADME to bind Org-1 is abolished by base pair changes
introduced into the three identified Org-1-binding motifs [29],
this leads to a nearly complete loss of tup-ADME-orgI-IIImut-
GFP activity in the VLMs. Because the expression in the
cardiomyocytes stayed robust (Figure 3H, asterisks), this
demonstrates VLM-specific, direct regulation of the tup-
ADME enhancer element by Org-1.
The data presented so far point toward a lineage reprogram-
ming mechanism that redeploys a regulatory network that has
already been active during embryonic AM development. How-
ever, because it only operates in a specific subset of larval
AMs, initiates during metamorphosis, and produces a pro-
foundly different outcome, this regulatory network must be
modified by additional factors.
The first three pairs of embryonic AMs and the VLMs ex-
pressed Ultrabithorax (Ubx), whereas the last four pairs ofAMs expressed Abdominal-A (Abd-A) [11, 30] (Figure 4A). To
test whether the homeotic identity of the AMs plays a role
during AM transdifferentiation, we suppressed Ubx expres-
sion in the anterior AMs by overexpressing UAS-Abd-A [31]
with org-1-GAL4. This prevented VLM formation and led to
the appearance of additional adult AMs (Figure 4B, arrow-
heads). Together with the expression data, it strongly sug-
gests that lineage reprogramming of the anterior pairs of
AMs into VLMs requires the cell-autonomous function of Ubx
(and/or the absence of Abd-A), which provides spatial speci-
ficity. In addition, the observed absence of org-1-RFP reporter
expression during pupal stages in this experiment (Figure 4B)
indicates direct or indirect regulation of this org-1 enhancer
element and probably of org-1 by Ubx.
It has been noted previously that the activities of both the
ecdysone receptor (EcR) and the Drosophila fibroblast growth
factor receptor (FGFR) (Htl) are required for VLM formation [11,
32]. To test whether cell-autonomous transduction of ecdy-
sone and fibroblast growth factor (FGF) signals in the transdif-
ferentiating AMs are required for reprogramming, we overex-
pressed dominant-negative forms of EcR (UAS-EcRDN) and
Htl (UAS-htlDN) using org-1-GAL4. Inhibition of EcR-mediated
signaling within org-1-RFP-positive cells blocked AMdediffer-
entiation and abolished transdifferentiation (Figure 4C). In light
of the findings that ligand-bound EcR additionally requires
cell-type-specific competence determinants to activate tran-
scription [33] and the results of our RNAi experiments with
org-1 and tup, these effects upon EcR inhibition indicate
that the activated EcR acts combinatorially with Org-1 and
Tup to induce the AM lineage reprogramming process, thus
providing temporal specificity. Blocking of FGFR-mediated
signaling impeded VLM formation and caused a dramatic
decrease in muscle fiber number (Figure 4D). This effect is
due to a specific requirement of active FGFR during early pu-
pal stages, as org-1-driven HtlDN does not act early enough to
disrupt the embryonic and larval AMs (and the same applies to
Figure 3. The VLMs Are Descendants of Org-1-Posi-
tive Embryonic AMs that Require Mef2, Org-1, and
Tup Function for Reprogramming
(A andB) Lineage tracing and ablation analyses of em-
bryonic HN39-positive cells by using org-1-HN39-
GAL4 and GAL80ts (org-1emb-GAL4). Larvae were
shifted from 28C to 18C shortly after hatching.
(A) Induction of G-TRACE by embryonically active
org-1-GAL4 (org-1emb>>G-TRACE) activates nGFP
in all nuclei of the org-1-HN18-RFP (org-1-RFP)-pos-
itive VLMs and in the adult AMs (asterisks). Also
note that the nuclei derived from fusion-competent
myoblasts are nGFP positive because of the diffusion
of nGFP within the syncytia.
(B) Ablation of org-1-GAL4-expressing embryonic
AMs (org-1emb>>reaper) leads to the loss of the
VLMs and the adult AMs.
(C and D) Induction of RNAi against Mef2 (org-
1>>dsRNA-mef2) (C) or Org-1 (org-1>>dsRNA-org-
1) (D) with org-1-HN39-GAL4 blocks VLM formation.
(E) Nuclear Tup is expressed in the org-1-HN18-RFP
(org-1-RFP)-positive VLMs (arrows) and pericardial
cells (pc).
(F) Induction of RNAi against Tup with org-1-HN39-
GAL4 (org-1-GAL4>>dsRNA-tup) impedes VLM for-
mation. As seen in this example, adult AMs occasion-
ally activate weak org-1-RFP expression, which can
also happen in wild-type backgrounds.
(G) The tup-ADME-GFP reporter is detected in the
VLMs and in cardiomyocytes (asterisks).
(H) The tup-ADMEorgI-IIImut-GFP reporter shows
nearly complete abolishment of activity in the VLMs,
but expression in the cardiomyocytes remains robust.
Actin is visualized with phalloidin.
Scale bars of (A)–(H) represent 100 mm.
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Figure 4. Ubx Function and Cell-Autonomous Activation of the EcR and
FGFR Pathways in the AMDCs Are Required for Transdifferentiation
(A) Ubx is expressed in the org-1-HN18-RFP (org-1-RFP)-positive VLMs
(arrows).
(B) Overexpression of Abd-A with org-1-HN39-GAL4 (org-1>> Abd-A) pre-
vents VLM formation and org-1-RFP activation. Instead, additional anterior
AMs appear (arrowheads).
(C) org-1-HN39-GAL4-induced expression of a dominant-negative form of
EcR (org-1>>EcRDN) inhibits AM dedifferentiation (arrowheads).
(D) Overexpression of a dominant-negative form of theHtl receptorwith org-
1-HN39-GAL4 (org-1>>htlDN) abrogates VLM formation.
(E) Loss of adult heart remodeling in tinABD; tinABD,tin346/tinEC40 transhe-
terozygous escaper animals precludes AM reprogramming. Actin is visual-
ized with phalloidin.
Scale bars of (A)–(E) represent 100 mm.
492org-1-driven EcRDN as well as tomef2 double-stranded RNAs
[dsRNAs] and tup dsRNAs; Figure S1). Considering the role
ascribed to Htl during adult myogenesis [34], this phenotype
is likely due to a significant loss of proper VLM founder cell in-
duction. Hence, these two pathways are essential compo-
nents of the program regulating AM-to-VLM transdifferentia-
tion and act in a cell-autonomous manner in combination
with Org-1, Tup, and Ubx. They are involved in two different
aspects of the AM lineage reprogramming process: whereas
EcR signaling, like Org-1, Tup, and Ubx, is already required
for the dedifferentiation step, FGFR signaling appears to be
required only during the second step of redetermination and
redifferentiation.
Recent studies demonstrated that heart tube remodeling
and VLM differentiation are closely coordinated [11, 35]. In
order to follow the fate of the AMDCs during metamorphosis
in the absence of proper adult heart tube formation, we
analyzed the org-1-RFP-positive cells in tin346/tinEC40 transhe-
terozygousmutant flies carrying the tin-ABD rescue construct,in which the absence of functional tin in cardiomyocytes
precludes heart remodeling [35]. The resulting phenotypes
showed successful dedifferentiation of the anterior AMs and
arrangements of AMDCs flanking the remnants of the heart,
but medio-lateral migration and early VLM differentiation
were arrested (Figure 4E and data not shown). These observa-
tions point toward signals from the heart tube that may coordi-
nate heart remodeling with the onset of the VLM differentiation
program in the AMDCs. As tinCD4-GAL4-driven EcRDN specif-
ically within cardioblasts only produces mild disruptions of
VLM formation (Figure S1), these signals appear to be mainly
downstream of tin and are less strongly dependent on cardio-
myocyte-intrinsic EcR signaling. Whether these signals corre-
spond to the FGFs Pyramus and/or Thisbe [36] or to unrelated
molecules remains to be shown.
Taking all results together, we propose a molecular mecha-
nism driving transdifferentiation of the anterior AMs into VLMs
that integrates the cell-intrinsic activities of EcR inputs, which
provide temporal specificity, and the homeotic selector Ubx,
which determines the spatial dimension, with AM lineage-spe-
cific transcriptional inputs of Org-1 and Tup as well as with
general muscle-specific Mef2. The activation of this molecular
program leads to dedifferentiation of syncytial AMs intomono-
nucleate, mesenchymal myoblasts (AMDCs) and reprogram-
ming of the AMDCs. During the latter step, activation of the
Htl (FGFR) pathway and inductive cues from the remodeling
heart are required for founder cell-fate induction in the AMDCs,
and Mef2 is needed for myoblast fusion and further differenti-
ation of the VLMs. Overall, the dedifferentiation process
described herein is highly reminiscent of skeletal muscle
dedifferentiation processes that have been described during
regeneration events upon injury, particularly in newts, or
upon forced expression of msx1 in mouse myofibers, which
also involve the formation of mononucleate myoblasts from
syncytial myotubes [37, 38]. It is enticing to surmise that
some of the cellular mechanisms carrying out syncytial muscle
dedifferentiation and redifferentiation may be shared among
these artificially induced situations and the normal develop-
mental processes reported herein. Unlike with some of the
artificially induced dedifferentiation or transdifferentiation
events of muscles and also of the heart [38–43], the naturally
occurring process described here does not involve any prolif-
eration of the dedifferentiated cells, and these cells remain
restricted to muscle fates, albeit substantially different ones
when compared to their origins. It is also worth pointing out
that this process strikingly differs from that of the development
of the adult body wall and limb muscles in Drosophila, which
widely employs massive proliferation and differentiation of
muscle stem cells that have been set aside during embryonic
myogenesis [44].
Vertebrate members of the Tbx1 subfamily of T-Box tran-
scription factors are key regulators of cardiopharyngeal line-
age selections. In combination with Isl1, they are crucial for
the later addition of myocardial progenitors from subpharyng-
eal and lateral positions (the so-called second heart field) to
the primordial heart tube [45, 46]. Our results here demonstrate
that the orthologs of these two cardiogenic regulators control
the formation of the mature Drosophila heart via secondary
addition of muscle progenitors to the original heart tube from
anterior-lateral regions, which, in this case, happens through
dedifferentiation of anterior syncytial muscles. Although it is
premature to regard these events as homologous processes
during arthropod and vertebrate cardiogenesis, it may well
turn out that these factors are part of an ancestral regulatory
493kernel of anteriormesodermal and cardiogenic derivatives that
may contain additional conserved components.
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